The confinement of a biocatalyst designed to operate under continuous-flow conditions is a strategy developed by nature in order to achieve efficient reactions in biological media. Herein, we present a mimetic model that employs a confined lipase (CAL-B) in the production of several carboxamide derivatives from esters as precursors. The remarkable selectivity of such system is also described when α,β-unsatured carboxylic substrates are employed.
Introduction
It is well known that, in nature, enzyme-catalyzed reactions can be completed in a few minutes. Despite being natural substrates, the confinement of biocatalysts inside cellular organelles is one of nature's most impressive strategies to achieve efficient chemical transformations, which technically operate under continuous-flow conditions. On the other hand, enzymatic reactions of non-natural substrates in organic media usually render complications. The presence of xenobiotic compounds such as organic solvents may cause enzyme inhibition or even enzyme denaturation in extreme cases. However, supported enzymes have proven to be reliable biocatalysts for different chemical transformations due to their higher stabilities and tolerance to non-natural environment [1] . Lipase from Candida antarctica (CAL-B) is one of such examples [2] .
Lipase-catalyzed reactions are very important for the preparation of several classes of compounds, including amides, esters, carboxylic acids, and alcohols in chiral and achiral form [3] . Amide synthesis using lipases as biocatalysts requires long reaction times [4] . In some cases, byproduct formation can be a problem, especially when uncatalyzed reactions can occur [5] .
A literature survey revealed that several synthetic methods have been described to prepare amides (including secondary, primary amides, and formamides) from carboxylic acids and esters [6] . However, in general, those approaches require long reaction times, high temperature, residue generation, and lowor none-catalyst recycling.
Inspired by the natural confinement of enzymes in cells, we envisioned a packed-bed reactor (PBR) filled with lipase in order to create a continuous-flow system for synthesis of carboxamides. Despite that flow technology has been used for enzymecatalyzed reactions [7] , no general methodologies for selective synthesis of carboxamides have been described so far.
The types of continuous reactors usually employed for enzymatic processes include membrane reactors, packed-bed reactors, and even microfluidic devices [7] . The choice of the reactor depends on the enzyme and its final application. For example, enzyme membrane reactor can be applied for continuous reactions in which a non-immobilized enzyme is suspended in a solution [7b] . In this case, membrane can retain enzyme, while small molecules, including substrate and product, can pass through. On the other hand, packed-bed reactor can be applied for immobilized enzymes, especially for reactions which require organic solvents [7c] .
Considering that lipase is not a cofactor-dependent enzyme, which can also be used in its immobilized form, we selected packed-bed reactor to be applied in the synthesis of carboxamides in organic solvent under continuous operation (Scheme 1).
By using this approach, we can ensure low loading of nonnatural substrate/product inside the reactor and, as consequence, a negligible enzyme inactivation. In an efficient reaction using organic solvent, the stream, which leaves the PBR system, will contain only the desired product with no aqueous residue (acid or salts). High enzyme recyclability is also expected for PBR, since there is no stir bar or any mechanical agitation, which avoids the destruction of immobilized lipase. For our purpose, we selected CAL-B as biocatalyst, since it has been employed to prepare several chiral and achiral compounds.
Results and Discussion
Initially, a comparison between aminolysis reaction under traditional batch and flow conditions was performed to validate our proposal (Tables 1 and 2 ). Aiming fast enzymatic reactions under continuous-flow conditions, we established that the maximum residence time would be no higher than 60 min. Benzylamine (0.023 M in MTBE) and methyl phenylacetate (0.02 M in MTBE) were selected as model substrates for the evaluation of enzyme activity under different temperature and lipase loading (CAL-B) ( Table 1) .
In 60-min reactions under batch conditions, by increasing temperature (r.t. to 50°C, Table 1 , entries 1-4), the amide conversion was also increased (6 to 38%). We replaced the solvent to toluene, since it is a known solvent for dynamic kinetic resolution via lipase-catalyzed reaction, which requires high reaction temperature under long reaction time. However, only traces of amide were observed (<3% conversion; Table 1 , entry 5). In order to push the limits of enzyme efficiency, 10-min reactions with different lipase loading (20-270 mg) were evaluated. No significant improvement in amide formation was achieved. For example, a high enzyme loading (270 mg) afforded the amide in only 16%. We have clearly evidenced a dependence of temperature and reaction time to achieve reasonable amide yield under batch conditions.
To evaluate the same conditions for amide synthesis under flow conditions, a packed-bed reactor containing CAL-B (270 mg) was prepared ( Table 2 ). The continuous-flow operation involved methyl ester (0.02 M) and amine (0.023 M) in MTBE at 50°C under different residence time, t R , 10-40 min (BPR: 100 psi).
By employing 10 min as residence time, amide formation was achieved with 76% conversion (Table 2, entry 1; in contrast to 16% under batch condition). However, full conversion was achieved by increasing the residence time to 40 min ( Table 2 , entry 4). The high enzyme loading and low xenobiotic compounds (substrate, coproduct, and product) concentration inside the packed-bed reactor ensured efficient aminolysis reactions under flow conditions. In fact, considering this approach any enzyme inactivation due to the presence of substrate, coproduct and product was negligible.
It was described by other research groups that lipase-catalyzed reactions of α,β-unsaturated esters and amines as substrates require long reaction time and mixture of products; aminolysis product and 1,4-addition product are obtained [5] . Motivated by our efficient system under continuous-flow conditions, we decided to study those substrates in order to overcome these limitations (Scheme 2, isolated yields were given in brackets). Fortunately, by using our flow system, only after 10 min, the amides 2-6 were efficiently produced in high yield with no byproduct formation (Scheme 2). We can highlight that the fast enzymatic reaction under continuous-flow conditions (t R : 10 min) avoids long exposure of substrate and product to each other, especially under high temperature as employed by other authors. The continuous-flow conditions greatly favor kinetic products, which were obtained from lipase-catalyzed aminolysis reaction.
We also evaluated the behavior of mixed primary alkylamineaniline functions on the enzymatic acylation system under flow conditions (Scheme 3, isolated yields were given in brackets). Selectivities of lipase-catalyzed acylations of diamines were evaluated under flow conditions using t R of 10 min. As observed in all Scheme 1. Confined lipase for fast aminolysis reactions reactions, the selectivities were excellent, giving the monoacylated product in high yield as sole product (only the alkylamine was acylated). By changing the acyl donor to formyl, we were able to easily prepare formamides in high yields with 10 min of residence time at 30°C (Scheme 4, isolated yields were given in brackets). Aromatic amine as substrate (aniline) gave low yield after 10 min (22% using methyl formate as acyl donor). However, by an increase of temperature and changing the acyl donor to formic acid, the formamide was obtained in 58% with t R of 30 min.
We also carried out ammonolysis reaction catalyzed by lipase under flow conditions. When this reaction was performed under batch conditions [8] , once again, the need for long reaction times in order to achieve reasonable yields is required. Motivated by this issue, we have employed our flow system for this matter and high yields were observed (Scheme 5, isolated yields were given in brackets).
To expand the reaction scope under flow conditions, different amines and esters were used as substrates (Scheme 6, isolated yields were given in brackets). Initially, all reactions were evaluated with 10 min of residence time at 50°C. However, for some cases, an increase in t R was required to achieve excellent yields.
In general, lipase was very tolerant to different esters and amines as substrates. In fact, fast aminolysis reactions gave the corresponding amides in high yields. However, aromatic amines and esters needed high residence times (up to 60 min) to achieve moderate yields. It is important to note that these are less active substrates for lipases. The aniline-methyl octanoate system under batch conditions is completely unreactive even after 60 min. On the other hand, and despite low conversion, the amide 16 was observed under flow conditions.
We also studied the lipase activity during continuous-flow operation (Figure 1 ). In this case, the same flow conditions described in Scheme 2 for production of amide 28 were selected (t R : 10 min; 50°C; methyl ester: 0.02 M; n-butylamine: 0.023 M). CAL-B was used for 84-fold residence time under continuous-flow operation with no decrease in lipase activity (98% conv. for amide 28). These results evidenced that CAL-B can easily tolerate organic solvent and high temperature for long period.
Increasing the productivity of enzymatic reactions can be problematic in several cases, since high concentrations of xenobiotic compounds (substrates, products, and coproducts) can cause negative effects on enzyme activity. In order to further increase the productivity, N-butyloctanamide 28 and 10 min as residence time at 50°C were selected for this purpose. The reaction was performed at different substrates concentration (ester: 0.02-0.5 M). As observed in Figure 2 , we still can have excellent amide formation up to 0.2 M, a 10-fold higher concentration than our initial studies.
Conclusions
In summary, a confined lipase in a packed-bed reactor under continuous-flow condition was efficiently used to overcome some limitations in the synthesis of several carboxamides derivatives. The described methodology allows a fast approach with high productivity for reversible aminolysis and ammonolysis of esters or acids. A valuable flow chemistry feature was also demonstrated in face of chemoselectivity issues of conjugate-versus direct-addition into α,β-unsaturated esters, in which the thermodynamically favored conjugate addition reaction was completely suppressed under the evaluated conditions. 4. Experimental 4.1. General Information. All the continuous-flow reactions were conducted on a Harvard Apparatus syringe pump equipped with 8-mL stainless steel syringes and a 100-psi backpressure regulator. Lipase from C. antarctica (CAL-B) is commercially available from Sigma-Aldrich (CAS Number: 9001-62-1; Catalog Number: L4777). Starting materials including amines and esters were obtained from commercial sources and used as received. Fully packed cylindrical stainless steel tubes of different sizes were employed as reactors for catalyst compartmentalization. The temperature control was achieved by submerging the reactors in a thermostatic water bath. Before chromatographic analysis and sample acquiring (for all reactions), the system was kept under stabilization for three times the established residence time. Gas chromatography (GC) analyses were performed in a Shimadzu GC-17A instrument with a FID detector, using hydrogen as a carrier gas (100 kPa). GCmass spectrometry (MS) analysis data were recorded on a Shimadzu GCMS-QP2010 SE equipment. Nuclear magnetic response (NMR) spectra were recorded on Agilent Inova 300 MHz, Bruker 300 MHz, and Bruker 500 MHz equipment and properly calibrated according to the solvent employed. Infrared spectra were recorded on a Perkin Elmer Frontier FT-IR instrument.
4.2. General Procedure for Aminolysis 4.2.1. Lipase-Catalyzed Aminolysis under Batch Conditions. In a 6-mL vial, methyl phenylacetate (0.02 M), benzylamine (0.023 M), CAL-B (20-270 mg), and MTBE (4 mL) were stirred for 60-240 min r.t. −50°C ( Table 1 ). The reaction content was analyzed by GC-MS.
4.2.2. Set Up the Packed-Bed Reactor for Flow Application. The reagent-containing syringe (esters/acids and amines; concentration is specified in the tables) was loaded into the syringe pump. The packed-bed reactor: CAL-B beads (270 mg) were packed into a stainless steel tube (1/4 in × 4.6 mm × 5 cm; reactor volume with beads: 0.7 mL). Back pressure regulator (BPR): 100 psi.
Reactions were run at appropriate flow rates to obtain the desired residence time. The effluent was collected in a 20-mL vial and then directly purified by column chromatography (eluent: hexane and ethyl acetate) to give the desired amides (1-32). The isolated yields for the carboxamides are given in brackets at the schemes. 
